Summary: The present study was undertaken to corre late calcium accumulation with the development of neu ronal necrosis following transient ischemia. After ) 0 min of forebrain ischemia in the rat-a period that leads to reproducible damage of CAl pyramidal celis-determi nation of calcium concentration and evaluation of mor phological signs of cell body necrosis in the dorsal hippo campus were performed at various recirculation times. Tissue calcium concentration was not different from con trol at the end of ischemic period and did not change after 3, 6, 12, or 24 h of recirculation. However, after 48 h, calcium content increased significantly, with a further inBased on data showing accumulation of calcium in irreversibly damaged tissue and on results dem onstrating massive sequestration of calcium by mitochondria, the hypothesis of calcium-related cell death was advanced for cardiac tissue (Fleck enstein, 1977; Borgers, 1981) , skeletal muscle (Wrogemann and Pena, 1976; Leonard and Sal peter, 1979), and liver (Schanne et ai. , 1979). In these hypotheses, it was tacitly assumed that one major mechanism of cell death was mitochondrial calcium overload, with ensuing structural damage and secondary energy failure. However, it was rec ognized that the adverse effects of calcium encom passed activation of neutral proteases (Guroff, 1964) and of phospholipases (Sun and Su, 1979) .
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In recent years, it has been realized that the loss of calcium hemostasis may be an important mecha nism of ischemic brain damage (Haas, 1981; Siesj6, 1981) , notably by causing lipolysis with massive ac-crease being seen after 72 h. At early recovery periods, only scattered necrotic neurons were observed. After 48 h, only 2 of 12 hemispheres showed more than 25 ne crotic cells per section. More conspicuous neuronal death was observed after 72 h. The results thus demon strate that net accumulation of calcium in regio superior of the hippocampus precedes marked necrosis of CAl pyramidal cells. The results suggest that one primary event in the delayed death of these cells is membrane dysfunction with increased calcium cycling. Key Words: Calcium -Cerebral ischemia-Brain-Maturation Electrolytes.
cumulation of polyenoic free fatty acids (FFAs) and their oxidative conversion products, and by trig gering proteolysis, protein phosphorylation, and disaggregation of cytoskeletal components (for ref erences see Siesj6 and Wieloch, 1985) . One inter esting feature of the hypothesis of calcium-related damage as applied to the brain relates to the fact that neurons differ in the density of calcium channels, with some pyramidal cells having a dense population of agonist-operated channels in their dendritic fields. As at least some of these cells could be identical to those reported to be selec tively vulnerable to several different insults (see Siesj6, 1981; Wieloch, 1985) , one has the interesting possibility that the calcium overload could help to explain not only neuronal necrosis in general, but also selective neuronal vulnerability.
It has been demonstrated that ischemic insults that lead to irreversible damage are accompanied by net accumulation of calcium in the tissue (Yana gihara and McCall, 1982; Hossmann et aI. , 1983; Dienel, 1984) . However, published results give no indication of whether calcium accumulates before cell necrosis occurs or occurs as a secondary phe nomenon to an irreversible injury. One previous study, in which 45Ca autoradiography and tissue sampling were employed, gives information on re sidual calcium accumulation following 30 min of forebrain ischemia in the rat (Dienel, 1984) . As his topathological evolution of cell damage as a result of the ischemia had been published before (Pulsin elli et aI. , 1982) , it was concluded that calcium ac cumulation occurred in parallel to cell necrosis. However, the results did not show whether or not calcium accumulation preceded cell necrosis.
The present study was undertaken to correlate calcium accumulation and development of cell ne crosis following transient ischemia. We chose an ischemic period (10 min) that leads to a reproduc ible damage of CAl pyramidal cells and assessed the calcium concentration in the dorsal hippo campus at different times during recirculation.
METHODS
All materials for this study were commercially ob tained. Male Wistar-SPF rats were obtained from Moel legaard's Av lslaboratorium (Copenhagen, Denmark). For the electrolyte study, 34 animals underwent 10 min of ischemia and were randomly assigned to 7 groups con taining 4 rats each, as shown in Ta ble 1. A group of 6 animals, which underwent operation but no ischemia, served as control. Concurrently, another 29 rats were en tered into similar recovery groups as part of a histological evaluation of cerebral damage following ischemia.
Operative procedures
The model of cerebral ischemia has been described by Smith et al. (l984a, b) . The animals were fasted over night, preceding the operation, but were allowed water ad libitum. On the day of operation, anesthesia was induced with 3.5% halothane and 2: 1 N20 in 02' The trachea was intubated with a polyethylene tube (Intramedic PE 240; Clay Adams, Parsippany, NJ, U.S.A.) with the help of transillumination of the neck by a high-intensity fiber optic lamp. The jugular veins were exposed through a midline neck incision. Muscle relaxation was achieved with suxamethonium (Celocurin; Vitrum AB, Stockholm, internal jugUlar vein for administration of drugs and for withdrawal of blood during the hypotensive period. Both common carotid arteries were exposed by gentle dissec tion, and a loose suture was placed around each for sub sequent manipulation. The tail artery was exposed through a ventral incision and cannulated (Portex PESO; Hythe, Kent, U.K.) to allow continuous blood pressure recording and intermittent sampling of arterial blood gases. Needle electrodes were placed bilaterally through small skin incisions into the temporalis muscle to monitor the interhemispheric electroencephalogram during the ischemic period. Following these procedures, the halo thane was discontinued and the rats allowed a 30-minute period to reach steady state. Mechanical ventilation with 2: 1 N20:02 was continued throughout. The Pao2 was maintained above 80 mm Hg, Paco2 between 30 and 40 mm Hg, and the rectal temperature near 37°C. Heparin (50 or 150 IU . kg-I) was administered intravenously for anticoagulation. The initial blood gases and pH were sampled 15 min following completion of the operative procedure and periodically thereafter. Samples were ana lyzed on Combi-Analyzer (E. Eschweiler U. Co., Kiel, F.R.G.) and Radiometer pH meter (Copenhagen, Den mark). Additional suxamethonium was administered as needed prior to the onset of ischemia.
Induction of reversible forebrain ischemia
After undergoing the operative procedure described above, hypotension was induced with trimethaphan (Ar fonad; Hoffmann-La Roche, Basel, Switzerland; 4-5 mg/kg-I) and withdrawal of blood. When the mean arte rial pressure (MABP) reached 50 mm Hg, vascular clamps were placed on both common carotid arteries. The EEG was recorded continuously prior to and 1 min after the clamping. Subsequent EEG tracings were ob tained intermittently during ischemia and recirculation.
At the end of ischemia, the withdrawn blood was rein fused, vascular clamps removed, and NaHC03 (approxi mately 1 mmol . kg-I) administered. The duration of isch emia was 10 min; zero time was taken as the point at which the EEG became isoelectric. Following the isch emia, the jugular catheter was removed and the neck in cision closed with sutures. Nitrous oxide was discon tinued at 15-20 min postischemia, and the animals were extubated when they resumed adequate spontaneous ventilation. They were then placed in cages and allowed free access to water and food.
Measurement of electrolytes
Near the end of the predetermined recovery period, the animals in groups II -VII were tracheostomized and me chanically ventilated under halothane (0.7%) in 2: 1 N20:02 anesthesia and 3 mg curare. After 15 min, the brain was frozen in situ, removed, and stored at -80°C, as described by Ponten et al. (1973) .
For analysis of tissue electrolytes and water content, dorsal hippocampus regio superior from each hemisphere was dissected and weighed at -22°C (Fig. 1 ). Water con tent was determined by calculating the difference be tween wet and dry weights following drying at 105°C. For electrolyte determination (N a +, K +, Ca2+, Mg 2 +), the tissue samples were extracted for 24 h with 0.75 M HN03• Subsequently, ion concentrations were measured by atomic absorption spectrophotometry, according to Bradbury et al. (1968) . 
Histological assessment
Brains for histological assessment were processed ac cording to Auer et al. (1984) . Briefly, animals were per fused with buffered formaldehyde at the end of the re spective recovery period. The brains were removed, sec tioned, dehydrated, embedded in paraffin, serially sectioned, and stained with celestine blue and acid fuchsin. Sections of the hippocampus were evaluated by light microscopy at x 400, and a count of acidophilic (ir reversibly damaged) pyramidal cells was performed. These were abnormally shaped, shrunken neurons with bright red cytoplasm containing a small, often triangular, densely staining nucleus (Brierley, 1976) .
Statistical analysis
Results were analyzed with analysis of variance (AN OVA) and post-hoc comparison with Dunnett's test.
A p < 0.05 value was considered to be significant.
RESULTS

Content of electrolytes
Calcium content in regio superior of the dorsal hippocampus of control animals was 1.23 ± 0.03 mmol . kg -I wet weight (Table 2) . At the end of the 10-min ischemic period, the tissue calcium was not significantly different from control values. This was also true for the very early recovery periods (3, 6, 12, 24 h). However, at 48-h recirculation, there was a significant increase in the concentration of cal cium (1.62 ± 0.11 mmol'kg-I; p < 0.01). The content of the ion demonstrated a further increase to 1.80 ± 0.11 mmol . kg-I at 72 h recovery (p < 0.01).
To eliminate variability introduced by different amounts of water in the tissue samples, the calcium content per dry weight of tissue was calculated. The dry weight values are presented in Fig. 2A ; groups I-IV are not included, as these were not significantly different from control. The operated, nonischemic control brains had a mean calcium content of 5.27 ± 0.13 mmol·kg-'. The 24-h group yielded values in the same range (5.69 ± 0.35 mmol . kg-I). A significant rise in calcium content was demonstrated after 48-h recovery, with a mean value of 7.03 ± 0.56 mmol . kg-I (p < 0.01). A fur ther rise was apparent after 72 h: 8.20 ± 0.58 mmol . kg -I (p < 0.01).
Hippocampal concentrations of sodium, potas sium, magnesium, and water were also determined. These values are listed in Ta ble 2. Sodium content was 45.3 ± 0.9 mmol . kg-I wet weight. This re mained unchanged following ischemia and up to 72 h recovery. Content of potassium was 108.6 ± 1.7 mmol . kg-I in control animals. Following isch emia, the concentration showed a tendency to de crease over time; however, this reduction in potas- 
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after 10 min of ischemia. In the recovery period,
1-10 necrotic neurons/hippocampus were observed time after ischemia following up to 24 h recirculation (Fig. 2B) . At 48 h, 10 of 12 hemispheres had 0-7 necrotic neurons/hippocampus, and in 2, more than 25 necrotic neurons
• were seen. At 72 h of recirculation, 4 hemispheres showed 0-4 acidophilic neurons, whereas 6 had be- In the present study, we found that total calcium content of regia superior of the dorsal hippocampus 120 increased following reversible ischemia of 10 min. recirculation. The authors concluded that an in crease in calcium content may be indicative of the extent of cell death.
Another study evaluated changes in regional cal cium accumulation following ischemia. U sing the four-vessel occlusion model of cerebral ischemia in rats (Pulsinelli et a!. , 1982) , Dienel (1984) measured total calcium and the accumulation of 45Ca in various regions of the brain, including hippo campus. He found that 45Ca accumulated in the paramedian hippocampus by 24 h and in CA 1 by 72 h recirculation. To tal hippocampal calcium content remained unchanged until 72 h, at which time it in creased. This rise corresponded to the appearance of histological damage in the model used. Although both of these studies reiterate the correlation be tween accumulation of calcium and irreversible neuronal damage, they fail to clarify whether or not calcium accumulation precedes light microscopic evidence of neuronal body damage.
The comparative chronology of calcium accumu lation and evolution of neuronal damage is impor tant to understanding mechanisms that lead to irre versible neuronal injury. Several authors have sug gested that calcium plays a critical role in cell death in non-neuronal tissues (Wrogemann and Pena, 1976; Leonard and Salpeter, 1979; Schanne et a!. , 1979; Borgers, 1981) . Recently, Siesj6 (1981) and Haas (1981) applied this hypothesis to neuronal death following ischemia. These authors suggested that loss of calcium homeostasis with an accompa nying mitochondrial and cytosolic overload is an important factor in ischemic neuronal damage. Pathological calcium accumulation may activate li polysis, resulting in greatly elevated levels of FFAs. Concurrently, the ion can also trigger several other events that may contribute to neuronal death -proteolysis, protein phosphorylation, and disruption of microtubules (see Siesj6 and Wieloch, 1985) .
Calcium will accumulate in the cell if influx of the ion is greater than its extrusion. With the onset of ischemia, intracellular potassium leaks out and cell membranes depolarize, causing calcium channels to open. Extracellular calcium shifts to intracellular sites, but, as long as ischemia prevents transport of calcium from blood to extracellular fluid, total tissue calcium remains the same. Recirculation in creases the delivery of calcium and, potentially, its intracellular transfer. During recirculation/reoxy genation, the initial cellular response to the intra cellular calcium load is to increase calcium extru sion-a process that may be reflected in an in creased calcium turnover (Dienel, 1984) . In this period, calcium may also be sequestered by the mi tochondria ( A kerman and Nicholls, 1983; Ras mussen and Waisman, 1983) . Evidence that this occurs in the brain has been obtained from electron microscopic visualization of calcium precipitates in the mitochondria (Van Reempts and Borgers, 1982; Simon et a!. , 1984) . However, as this study shows, ischemia of lO-min duration does not cause net ac cumulation of calcium in the tissue during the first 24 h of recirculation.
The question remains as to why net calcium ac cumulation occurs after 48 (and 72) h. One can speculate that delayed deterioration of plasma membrane functions gives rise to increased calcium cycling and to a moderate increase in cytosolic cal cium concentration (Rasmussen and Waisman, 1983) . It is also possible that calcium channels may be repeatedly opened by a release of excitatory substances during recovery (Suzuki et a!. , 1983; Benveniste et a!. , 1984; Wieloch, 1985) . Subse quently, the calcium-related pathophysiological events may ensue, as discussed previously. Under these circumstances, a slow gradual uptake of cal cium by mitochondria may occur, with eventual calcium overload and mitochondrial failure. Such overload may contribute to cell death. The variable tolerance of the neurons to the calcium challenge may conceivably explain the selective vulnerability of the neurons to an ischemic insult. Thus, the hy pothesis of calcium-related neuronal damage im plies that calcium accumulation precedes irrevers ible cell injury. Our findings that total calcium con tent increases 24 h prior to the appearance of neuronal death on light microscopy support this hypothesis.
However, we cannot exclude the possibility that irreversible injury (as demonstrated by physiolog ical or electron microscopic studies) may have oc curred prior to the calcium accumulation at 48 h. Dienel (1984) has shown an increase in 45Ca accu mulation at 24 h recirculation in s. radiatum, without an accompanying increase in total calcium. S. radiatum contains primarily pyramidal den drites, which might be the initial sites of irrevers ible neuronal changes. In order to clarify this possi bility, we are currently investigating the time course of electron microscopic changes and subcel lular accumulation of calcium in the same animal model. Additionally, acidophilic neurons may not represent the initial "point of no return" in isch emic cell death. Any one of the earlier microscopic changes that occurs after the ischemic insult may be the milestone of irreversible injury. However, which of these, if any, is the key marker is yet to be determined.
The physiological significance of changes in mag nesium concentration is less clear. Magnesium re duces neuronal currents by exerting a blocking ef fect on the N-methyl-D-aspartate receptor-operated calcium channels (Nowak et aI., 1984) . A recent study evaluated the effects of postischemic admin istration of ATP-MgCI 2 (Ohkawa et al. , 1984) . These authors found that mitochondrial function and hepatic blood flow were significantly improved with ATP-MgCI 2 treatment. The elevated Mg 2 + at 24 h may possibly be a physiological response to attenuate the effect of postischemic neuronal hy peractivity, which occurs at 24 h (Suzuki et al., 1983) . This provides a "protective" action mani fested as the absence of calcium accumulation at this time. However, by 48 h, cells may have reached a physiological threshold beyond which survival in the presence of a sustained calcium load is not possible (Rasmussen and Waisman, 1983) .
In conclusion, we found that calcium content of hippocampal CAl region increased at 48 h fol lowing a 10-min insult of reversible ischemia, pre ceding a marked increase in neuronal cell body ne crosis, suggesting that calcium is one primary event leading to irreversible neuronal damage.
